An evolving suite of X-ray characterization methods are presently available to the materials community, providing a great opportunity to gain new insight into material behavior and provide critical validation data for materials models. Two critical and related issues are sample repositioning during an in situ experiment and registration of multiple data sets after the experiment. To address these issues, a method is described which utilizes a focused ion-beam scanning electron microscope equipped with a micromanipulator to apply gold fiducial markers to samples for X-ray measurements. The method is demonstrated with a synchrotron X-ray experiment involving in situ loading of a titanium alloy tensile specimen.
Introduction
Today, a variety of powerful X-ray characterization methods are available for researchers evaluating the internal structure and micromechanical state of materials. An evolving suite of methods involve rotation of the sample while it is illuminated with an X-ray beam, and the signal of interest is captured on an area detector and utilized for subsequent three-dimensional reconstructions. This includes analysis of both the direct transmitted beam, e.g. micro-computed tomography (m-CT; Stock, 1999 Stock, , 2008 , and the diffracted beams, e.g. high-energy diffraction microscopy (HEDM) or three-dimensional X-ray diffraction (Poulsen, 2004 (Poulsen, , 2012 Lienert et al., 2011; and diffraction contrast tomography Johnson et al., 2008; Reischig et al., 2013) . While there are many variants, the particular techniques that were utilized in the present experiments included absorption contrast m-CT, near-field HEDM (nf-HEDM) and far-field HEDM (ff-HEDM). m-CT maps the presence of voids, cracks or inclusions which may be present (Khounsary et al., 2013) , while nf-HEDM maps the local crystallographic orientations (Poulsen, 2004; Suter et al., 2006; Li & Suter, 2013) and ff-HEDM measures the full elastic strain tensor of individual grains or grain cross sections (Poulsen et al., 2001; Margulies et al., 2002; Oddershede et al., 2010; Bernier et al., 2011) in a polycrystalline material. Combining one or more of these methods with in situ loading (Ludwig et al., 2009; Buffiere et al., 2010; Withers & Preuss, 2012; Shade et al., 2015) is of great interest in order to gain new insight into the behavior of structural materials and provide critical validation data for materials models.
A critical challenge associated with combining these characterization methods with in situ loading is ensuring that the same volume of the sample is interrogated in each technique as the sample is deformed; by definition, the material may be stretching, compressing or otherwise moving relative to the X-ray beam as the sample is loaded, and often the sample may not contain obvious features to use as reference for realignment. This challenge is exacerbated for measurements that utilize a line-focused (typically $2 mm tall) X-ray beam (Shastri et al., 2007) . A related challenge is post-experiment registration of multimodal data sets, as this requires identification of common features in the various data streams. Previous experiments have used internal features such as pores to register m-CT and nf-HEDM reconstructions (Menasche et al., 2016) , or grain centroids to register nf-HEDM and ff-HEDM data sets ; however, these are ad hoc solutions, dependent upon both the sample and the data modes, and therefore a more general approach is of interest.
In this article, we describe a method for attaching gold fiducial markers to samples used in X-ray measurements. These fiducial markers are readily identifiable in X-ray radiographs owing to absorption contrast and may therefore serve as reference features for sample repositioning throughout an in situ experiment. Furthermore, these fiducial markers can be identified using a variety of X-ray characterization methods, including m-CT, nf-HEDM and ff-HEDM, and are therefore useful features for the registration of multimodal data sets.
Methodology
An ideal fiducial marker for X-ray experimental sample repositioning and subsequent registration of the corresponding data sets will possess many qualities. First and foremost, the fiducial marker must be readily identifiable in each of the desired data modes. For nf-HEDM and ff-HEDM reconstructions, the fiducial marker must have a known crystalline structure and produce diffraction peaks under concurrent X-ray measurements with the sample that have intensities that are sufficiently similar to the intensities of the sample diffraction peaks that they will be reasonably captured within the dynamic range of the corresponding X-ray detector(s) throughout the experiment. Furthermore, the fiducial marker should be composed of a reasonably small number of crystals in order to minimize complications in reconstructing nf-HEDM and ff-HEDM data sets owing to diffraction peak overlap. Likewise, multiple phases, large intragranular orientation gradients and significant residual strains are potential negative attributes in a fiducial marker because of the inherent additional reconstruction complications. For absorption contrast radiography and m-CT, a fiducial marker placed on the specimen surface must have a distinguishable shape and be of sufficient size relative to the detector resolution in order to be readily identified. Furthermore, it is highly desirable that the material that comprises the small fiducial marker has a higher electron density relative to the material comprising the large sample in order to provide contrast from any viewing orientation. The fiducial marker should also possess distinct features, such as sharp edges or flat faces, to aid in alignment. Finally, the ability to 'place' a fiducial marker precisely in a location of interest on the sample is desired.
The method developed here for applying fiducial markers to samples used in X-ray measurements involves utilizing a focused ion-beam scanning electron microscope (FIB-SEM; Orloff et al., 2003; Antoniou et al., 2014) to fabricate, lift out and subsequently attach small blocks ($30 Â 30 Â 50 mm) of gold to an X-ray specimen. For this work, we utilized a gold foil with a purity of 99.95% and a thickness of 50 mm. The gold foil was annealed at a temperature of 1223 K for 24 h and subsequently furnace cooled. This had the effect of coarsening the grain size to be of the order of the foil thickness, and therefore each gold marker is typically composed of $1-3 crystals. The small number of crystals per fiducial marker was intentional in order to simplify nf-HEDM and ff-HEDM analyses. Gold was chosen as the material for the fiducial markers because it provides good radiography contrast with the specimen material utilized here (Ti-7Al), is a single-phase material (face-centered cubic crystal structure) and is also suitable for relatively quick FIB-SEM fabrication owing to high ion-sputtering rates (Xu, 1992) ; however, the method could easily be applied to a different fiducial marker and/or specimen material.
An FEI Nova 600 Dual Beam FIB-SEM equipped with an Omniprobe micromanipulator was used to fabricate, lift out and attach the gold fiducial markers. This process is illustrated in Fig. 1 through a series of images collected at various processing steps. A FIB-SEM automation script was used to mill a series of blocks ($30 Â 30 mm) with small 'handles' ($5 mm width) through the thickness of the gold foil, as can be seen in Fig. 1(a) . This required approximately 6 h of milling time per fiducial marker when using a 20 nA beam current. handle was subsequently milled to detach the fiducial marker from the gold substrate (Fig. 1b) . The micromanipulator was used to place the fiducial marker onto the surface of a tensile specimen (Fig. 1c) . A series of small channels ($1 mm width) were milled into the interface between the fiducial marker and the sample (Fig. 1d) . The mill pattern was subsequently offset and the milling repeated for a short duration; this had the effect of filling the small channels with redeposited material (material which is sputtered by the ion beam and then redeposited onto the sample surface; Lee, 1979) , thus forming a bond between the fiducial marker and the sample. Platinum was subsequently deposited at the interface between the fiducial marker and the sample (Fig. 1e ) in order to strengthen the bond. The handle was milled to separate the fiducial marker from the micromanipulator, and then the bonding process was repeated for each side of the fiducial marker in order to ensure a robust attachment which would stand up to mechanical testing and sample handling. The lift-out and bonding procedure required about 3 h per fiducial marker to complete. A tensile sample with two gold fiducial markers attached to the surface is shown in Fig. 1( f ) .
Results and discussion
An experiment on the high-energy beamline 1-ID-E at the Advanced Photon Source, Argonne National Laboratory, was used to demonstrate the application of the gold fiducial markers described here. The experiment combined m-CT, nf-HEDM and ff-HEDM measurements with in situ loading of a titanium alloy (Ti-7Al). The goal of the experiment was to track the formation and evolution of a developing crack. It was therefore critical to be able to reposition the specimen relative to the X-ray beam repeatedly throughout the experiment in order to ensure that the volume of material near the developing crack was interrogated. This was readily accomplished using the gold fiducial markers as a reference for repositioning, as the markers show up very clearly owing to absorption contrast in the direct transmitted beam (see the radiograph shown in Fig. 2 ). The in situ tensile test was conducted using a rotational and axial motion system (RAMS) load-frame insert, which enabled the sample to be rotated while independently and simultaneously applying an axial load ; therefore, the lateral position of the sample relative to the vertical rotation axis, and the position of the rotation axis relative to the X-ray beam, remained constant throughout the experiment and only vertical translation of the sample was necessary for sample repositioning. A readily identifiable fiducial marker would perhaps be even more useful for an experiment that required additional repositioning degrees of freedom. Vertical repositioning was accomplished by translating the sample while irradiating with a box X-ray beam until the flat top of the gold fiducial marker reached a reference pixel position with respect to the focused beam position on the m-CT detector. The vertical translation stage has sub-micrometre motion capability and the X-ray detector has a pixel size of 1 mm, so the repositioning accuracy is estimated to be approximately 1 mm in this case. In general, the repositioning accuracy depends on the stage precision, the detector resolution and the sharpness (e.g. flatness) of the fiducial marker features. Regarding the sharpness of the fiducial marker features, careful FIB-SEM milling enables a fabrication precision of the order of tens of nanometres. X-ray radiograph of a Ti-7Al tensile sample with two gold fiducial markers attached. These markers were used to reposition the sample throughout the X-ray experiment in order to ensure that the same region of the sample was interrogated. Reconstructions of the Ti-7Al tensile sample shown in Fig. 2. (a) A m-CT reconstruction, with the Ti-7Al material shown in gray and the gold fiducial markers shown in yellow. (b) An nf-HEDM reconstruction, with the Ti-7Al microstructure shown in shades of blue and the gold fiducial markers shown in shades of yellow. The reconstructed volume is 1000 Â 1000 Â 560 mm. Note the two different shades of yellow representing the top gold fiducial marker, indicating that it is composed of two crystals. These gold fiducial markers were used as reference features for registration of the various data sets.
After the experiment, the gold fiducial markers were used as reference features to register data sets from the three experimental techniques that were utilized. Fig. 3 shows both a m-CT reconstruction and an nf-HEDM reconstruction, where the gold fiducial markers are clearly visible in both data sets. The m-CT reconstruction has a resolution of 1 mm and the nf-HEDM reconstruction has an in-layer resolution of 12 mm with a step size of 8 mm between layers. The full breadth of information collected in this experiment, including observation of the initiation and propagation of an internal crack with concurrent information regarding the surrounding microstructure and micromechanical state, will be the subject of a future publication.
Although the m-CT and nf-HEDM reconstructions were registered using a one-dimensional vertical alignment, one could generalize the approach to three dimensions. Use of the RAMS load-frame insert simplified the registration procedure, as the fact that the sample remained engaged within the same rotation stage throughout the experiment meant that there was no need to do any rotational alignment. Furthermore, lateral alignment was achieved by centering the rotation axes of the two reconstructions, so only vertical translation of the m-CT and nf-HEDM reconstructions was necessary. The vertical alignment procedure is highlighted in Fig. 4 , which plots a cost function versus vertical translation of the two reconstructions. The cost function is the sum of the distance from each gold voxel in the segmented m-CT reconstruction to the nearest gold voxel in the nf-HEDM reconstruction, normalized by the number of m-CT gold voxels. The cost function was found to have a minimal value of 4 mm [point (b) in Fig. 4 ], which is indicative of the accuracy of the registration procedure in this case. In general, the registration accuracy will be a function of the resolution of the corresponding reconstructions. The alignment accuracy may also depend on how well defined the features of the fiducial markers are (e.g. how flat is a side wall); as mentioned earlier, use of a FIB-SEM for fiducial marker fabrication enables a geometry precision of tens of nanometres to be achieved.
One may envisage other fiducial methods for experimental sample repositioning and subsequent registration of resulting data sets that may be more time efficient to implement than the FIB-SEM method described here. For example, digital image correlation could be used for sample repositioning by depositing a pattern on the sample surface and tracking the surface motion with an optical camera. One drawback to this approach is that one can only use it to maintain a static measurement volume, i.e. there is no straightforward way (without referencing another fiducial feature) to initially align the X-ray beam with a particular location on the sample. Experimental repositioning could also be achieved using the X-ray radiography method used here by simply gluing small spheres of a powder onto the sample surface. This method may also be useful for data set registration as long as the choice of powder material is compatible with the corresponding data modes. In general, however, the ability to extract a fiducial marker from some reference material, as described here using a FIB-SEM methodology, may enable more flexibility in achieving a fiducial marker with the requisite number of crystals, number of phases, diffraction peak intensities, degree of intragranular orientation spread, magnitude of residual strains etc. in order to identify the fiducial marker readily in reconstructions utilizing the corresponding data modes. Furthermore, the FIB-SEM method described here offers tremendous flexibility in terms of fabricating the fiducial marker with a prescribed shape and positioning the fiducial marker in a prescribed sample location (within $1 mm).
The use of a fiducial marker may offer other benefits as well. For example, the fiducial marker may also serve as a reference feature for registration of data from an X-ray experiment with other characterization methods such as optical and electron microscopy. Furthermore, the gold fiducial markers described here also provide a strain-free reference material on the sample, which may be used to recalibrate experimental parameters that may have drifted during the course of an experiment owing to a number of possible factors (motion of detector, energy drift etc.). This is especially useful for quantitative strain/stress applications.
Summary
We have described a method for attaching gold fiducial markers to polycrystalline samples characterized by multimodal in situ experiments. These markers may be used as a reference both for positioning during data collection and for post-experiment registration of multiple data sets. In particular, we expect this method to be useful for experiments The m-CT and nf-HEDM reconstructions shown in Fig. 3 are aligned by finding the minimum of a cost function, C, when making relative shifts between the two data sets, Áz, along the vertical direction which is parallel to the rotation axis. C is computed at each translation value by summing the distance between each m-CT data point and the nearest nf-HEDM data point, and then normalizing by the total number of m-CT points. The nf-HEDM and m-CT reconstructions of the gold fiducial marker are shown in black and yellow, respectively, at reference positions (a), (b) and (c), where (b) minimizes the cost function with a value of 4 mm. requiring in situ loading and/or where multiple X-ray measurement techniques are combined. We have demonstrated the method with an experiment that combined m-CT, nf-HEDM and ff-HEDM measurements during in situ loading of a Ti-7Al tensile specimen.
